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Rift Valley fever virus (RVFV) is an emerging, highly pathogenic virus; RVFV infection can lead to enceph-
alitis, retinitis, or fatal hepatitis associated with hemorrhagic fever in humans, as well as death, abortions, and
fetal deformities in animals. RVFV nonstructural NSs protein, a major factor of the virulence, forms filamen-
tous structures in the nuclei of infected cells. In order to further understand RVFV pathology, we investigated,
by chromatin immunoprecipitation, immunofluorescence, fluorescence in situ hybridization, and confocal
microscopy, the capacity of NSs to interact with the host genome. Our results demonstrate that even though
cellular DNA is predominantly excluded from NSs filaments, NSs interacts with some specific DNA regions of
the host genome such as clusters of pericentromeric y-satellite sequence. Targeting of these sequences by NSs
was correlated with the induction of chromosome cohesion and segregation defects in RVFV-infected murine,
as well as sheep cells. Using recombinant nonpathogenic virus rZHANSs210-230, expressing a NSs protein
deleted of its region of interaction with cellular factor SAP30, we showed that the NSs-SAP30 interaction was
essential for NSs to target pericentromeric sequences, as well as for induction of chromosome segregation
defects. The effect of RVFV upon the inheritance of genetic information is discussed with respect to the
pathology associated with fetal deformities and abortions, highlighting the main role played by cellular
cofactor SAP30 on the establishment of NSs interactions with host DNA sequences and RVFV pathogenesis.

Rift Valley fever virus (RVFV) is a highly pathogenic ar-
thropod-borne virus transmitted by mosquitoes that infects a
wide range of vertebrate hosts. In humans RVFV infection can
lead to encephalitis, retinitis, or fatal hepatitis associated with
hemorrhagic fevers, and in ruminants it can lead to high mor-
tality rates, abortion, and fetal deformities. RVFV is an emerg-
ing zoonotic disease endemic in many countries of sub-Saharan
Africa and in Egypt. For the first time in 2000, RVFV mani-
fested itself outside of Africa, causing two simultaneous out-
breaks in Yemen and Saudi Arabia (10, 9). The number of
devastating outbreaks has increased progressively since then,
the latest ones occurring in Kenya, Somalia, and Tanzania in
2007 and in Sudan and Madagascar in 2008.

RVFYV is a Phlebovirus of the Bunyaviridae family that has a
tripartite single stranded RNA genome consisting of large (L),
medium (M), and small (S) segments (7, 29). The L and M
segments are of negative polarity and express, respectively, the
RNA-dependent RNA polymerase L and the precursor to the
glycoproteins Gy and G, the cleavage of which generates also
a nonstructural protein (NSm) that has been recently identified
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as a suppressor of virus-induced apoptosis (37, 4). The S seg-
ment utilizes an ambisense strategy and encodes the nonstruc-
tural protein NSs in genome orientation and the nucleoprotein
N in antigenome orientation.

RVFV nonstructural protein NSs was identified as a main
factor of virulence (34). Consequently, natural RVFV clone
13, which possesses a truncated defective NSs protein which is
rapidly degraded by the proteasome in the cytoplasm of in-
fected cells, is avirulent (35). NSs is not necessary for the viral
cycle since recombinant RVFVANSs produced by reverse ge-
netics, in which the NSs gene is completely deleted, is viable
(16, 5, 3, 12). Whereas all of the steps of replication occur in
the cytoplasm, NSs accumulates in the nuclei of infected cells,
where it polymerizes and forms filamentous structures (32, 38)
interacting with several cellular nuclear proteins that are
trapped within these structures. Among the cellular nuclear
proteins colocalizing with the NSs filaments, some, such as the
p44 and XPB subunits of the RNA polymerase II TFITH factor
(20), are associated with the transcription machinery, whereas
others, such as SAP30, Sin3A, and HDAC3 (21), are associ-
ated with chromatin remodeling events. Sequestration of p44
and XPB along the NSs filament was correlated with the gen-
eral inhibition of RNA synthesis that occurs at late times after
infection beyond 8 h postinfection (p.i.), whereas colocaliza-
tion with SAP30, Sin3A, and HDAC3 was linked to the inhi-
bition of the expression of the host beta interferon (IFN-B)
gene, blocking the cellular antiviral response, that occurred
early after infection (starting 3 to 4 h p.i.).

In spite of the fact that several of the nuclear proteins
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colocalizing with NSs filaments directly or indirectly bind to
DNA regulatory sequences, the capacity of NSs filamentous
structures to establish an interaction with the genome of the
host cell has until now not been analyzed. To further decipher
RVFV pathology and host-pathogen interactions, we have in-
vestigated here for the first time the capacity of NSs filaments
to interact with the genome of the infected cell. This was
carried out by using chromatin immunoprecipitation (ChIP),
immunofluorescence, and immunofluorescence in situ hybrid-
ization (immuno-FISH) techniques, as well as Amira 3D image
reconstruction. Our results show that even though DNA was
mostly excluded from NSs filaments, constitutive heterochro-
matin clusters of pericentromeric DNA sequences appeared
intimately associated with the NSs filamentous structures.
Establishment of interaction of NSs with pericentromeric
v-satellite sequences, detected early after infection before fil-
ament formation, was progressively reinforced as the size of
the filament was enhanced and resulted in the induction of a
high incidence of RVFV-induced nuclear anomalies translat-
ing chromosome cohesion and segregation defects. Such an
effect of RVFV infection upon inheritance of genetic informa-
tion, which was observed on murine fibroblasts as well as on
sheep kidney fetal cells, could account for the high rate of fetal
deformities and abortions induced after RVFV infection.

Experiments carried out with the recombinant virus express-
ing protein NSsA210-230, deleted of its region of interaction
with SAP30, demonstrated that interaction of NSs with SAP30
was essential for NSs to interact with these host DNA se-
quences and induce genetic instability. This finding reinforces
our previous observations concerning the main role of NSs-
SAP30 interaction (21) on RVFV pathogenicity.

MATERIALS AND METHODS

Antibodies. Mouse anti-NSs polyclonal antibodies raised against the entire
NSs protein (38) were used for ChIP or immunofluorescence analyses. Other
primary antibodies used for immunofluorescence included anti-SAP30 C-18 (sc-
8471) from Santa Cruz; anti-phosphoSerl0H3 (06-570), anti-trimethyl-
HistoneH3Lys9 (07-523), and anti-acetyl-HistoneH3Lys14 (06-911) from Up-
state; and anti-biotin (catalog no. 43861) from Enzo Life Sciences. The
secondary antibodies used for immunofluorescence and immuno-FISH were the
Alexa 488-conjugated chicken anti-goat (A21467), Alexa 488-conjugated chicken
anti-mouse (A21200), Alexa 555-conjugated donkey anti-mouse (A31570), and
Alexa 488-conjugated chicken anti-rabbit (A 21441) antibodies from Molecular
Probes.

Viruses and cells. Stocks of RVFV ZH548, clone 13, and rZHNSsA210-230
(19, 25, 21) were produced under biosafety level 3 conditions by infecting Vero
cells at a multiplicity of infection of 1073 and by harvesting the medium at 72 h
p.i. Murine fibroblastic 1929 cells were described previously (21). Murine BF
cells were as described elsewhere (2). Sheep kidney fetal cells (OA4.K/S1) were
from the American Type Culture Collection.

Immunofluorescence. For immunofluorescence, cells grown in 12-well plates
on coverslips were fixed with 4% formaldehyde in phosphate-buffered saline
(PBS) for 15 min and permeabilized with 1% Triton X-100 in PBS for 30 min.
The cells were then incubated for 1 h at room temperature with corresponding
antibodies diluted in PBS-5% bovine serum albumin. Cells were next washed
with PBS and incubated for 45 min at room temperature with the corresponding
secondary antibodies. TUNEL (terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling) assays were carried out according to the manu-
facturer’s instructions with an apoptotic detection kit (Chemicon International).

Immuno-FISH. For immuno-FISH, cells were treated for immunofluores-
cence before in situ DNA hybridization (FISH). Plasmid pBluescript-y-satellite
(a generous gift from Niall Dillon), which contains eight mouse vy-satellite re-
peats cloned into the EcoRI site of a low-copy version of pBluescript (22), was
used as a pericentromeric vy-satellite probe for Fig. 2, 3, and 6 and labeled for
nick translation (Amersham) with either rhodamine-5-dUTP (Enzo Life Sci-
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ences) or biotine-11-dUTP (Enzo Life Sciences) as indicated in the figure leg-
ends. Plasmid pCR4 Min5-1 (11) was used as a centromeric a-satellite probe for
Fig. 3 and labeled by nick translation (Amersham) with rhodamine-5-dUTP
(Enzo Life Sciences).

For immunofluorescence, cells grown on coverslips were fixed 10 min at room
temperature with paraformaldehyde 4% in PBS and permeabilized with 1%
Triton X-100 in PBS. After three 5-min washes in PBS, the cells were incubated
for 1 h at room temperature with mouse anti-NSs polyclonal antibodies as the
primary antibody. The cells were then washed three times in PBS and incubated
for 1 h at room temperature with Alexa 488-conjugated chicken anti-mouse
antibodies as the secondary antibody. After three washes in PBS, the coverslips
were kept overnight in PBS at 4°C. For FISH treatment after immunofluores-
cence, the cells were postfixed for 10 min at room temperature with paraformal-
dehyde 4% in PBS, washed for 5 min in PBS, and permeabilized with 1% Triton
X-100 in PBS for 10 min at room temperature. After an initial wash for 2 min in
PBS-0.1 M Tris-HCI (pH 7) and then two washes in 2X SSC (1x SSCis 0.15 M
NacCl plus 0.015 M sodium citrate), the cells were dehydrated in 70, 80, 90, and
100% ethanol at 4°C for 2 min for each step and air dried. The cells were then
treated with 100 ng of RNase A/ml for 45 min at 37°C, washed in PBS, dehy-
drated, dried, and subjected to in situ hybridization with the corresponding
rhodamine-labeled probes. Cells were hybridized with 2 ng of plasmids in 50%
formamide, 10% dextran sulfate, 2X SSC, and 50 pg/ml of single-stranded
salmon sperm DNA (Boehringer). Before hybridization, the probe was dena-
tured at 95°C for 5 min. Hybridization was performed on slides for 5 min at 80°C
(to denature DNA in cells) and then overnight at 37°C. After hybridization, the
coverslips were washed in 2X SSC for 30 min at 37°C, 1X SSC for 30 min at room
temperature, and 0.5X SSC for 30 min at room temperature. Finally, the cov-
erslips were mounted in Mowiol (500 pl with 12.5 mg of DABCO for antibleach-
ing).

ChIP. ChIP experiments were carried out as previously described (21). PCR
analysis of inputs or immunoprecipitated DNAs was performed with the sense
oligonucleotide 5'-TAT GGC GAG AAC CTG AAA-3’ as the 5’ primer and the
antisense oligonucleotide 5'-TTC ACG TCC TAA AGT GTG TAT-3' as the 3’
primer to reveal the pericentromeric y-satellite sequence and the sense oligo-
nucleotide 5'-GGT TTT TAT CAT TTT CCA TG-3' as the 5’ primer and the
antisense oligonucleotide 5'-CCA CAC TGT AGA ACA TAT TAG ATG-3' as
the 3’ primer to reveal the centromeric minor a-satellite sequence. For both sets
of primers, PCR conditions were as follows: 1 cycle of 94°C for 5 min; 11 cycles
of 94°C for 30 s, 54°C for 30 s, and 72°C for 30 s; and 1 cycle of 72°C for 10 min.
A first “cold” PCR was carried out in the presence of 25 pmol of each primer; 1.5
wl of the product of the first PCR was subjected to a second “hot” PCR carried
out in the presence of 0.1 pl of [a->*P]dATP (6,000 Ci/mmol) and 25 pmol of
each primer.

Image acquisition and manipulation. Samples were analyzed at room temper-
ature by confocal laser scanning microscopy using a Axiovert 200M (Zeiss LSM510
confocal system). This system is equipped with a 63X lens, 1.4-numerical-aperture
oil immersion lens (Plan Neofluor). For oil immersion microscopy, we used oil with
refractive index of 1.518 (Zeiss). Images were collected in the direction of the z-axis
corresponding to the optical axis of the microscope at 0.37 um intervals with the
z-axis going through the image planes. LSM 510 imaging software was used for
image capture (512x512 pixels, 8 bit data). The images were analyzed by the LSM5
Image browser or Image J sofware. Double-labeled pixels were displayed in yellow
on the merge images. Three-dimensional image reconstruction of confocal image
stacks was performed by using Amira software from Mercury Computer Systems.

Statistical analyses. Statistical analyses of the incidence of abnormal nuclei in
Fig. 4C, 5C, and 6E were performed by applying the x* test using R software
(26). The data were considered as statistically significant at P < 0.05, very
significant at P < 0.01, and highly statistically significant at P < 0.001.

RESULTS

Euchromatic host DNA is predominantly excluded from vi-
ral NSs filamentous structures. RVFV nonstructural NSs pro-
tein, which has been identified as a major factor responsible of
RVFV pathogenesis (34), has the characteristic to form fila-
mentous structures in the nuclei of many different infected cell
types (32, 38, 21). In a recently published work, we identified
the IFN-B promoter as a region of the host genome interacting
with the NSs protein (21), demonstrating that viral NSs protein
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could establish an interaction with a particular DNA sequence
of the host.

In order to further investigate the interaction of NSs with
host DNA, we analyzed here the general distribution of cellu-
lar DNA with respect to viral NSs filaments, carrying out con-
focal microscopy analysis of the nuclei of murine fibroblastic
L1929 cells infected by virulent RVFV ZH548 strain. In Fig. 1A
is shown a series of confocal sections along the z axis, corre-
sponding to the optical axis of the microscope, from the bot-
tom to the top of an individual nucleus representative of the
population of murine L929 cells infected with RVFV ZH548.
Cellular DNA labeled with intercalating ToPro3 dye is shown
in red (left column), and NSs filament is shown in green (mid-
dle column), with the corresponding merge images displayed in
the right column. Analysis of the general distribution of DNA
in this series of confocal sections showed that cellular DNA is
mainly excluded from NSs filaments in all of the sections an-
alyzed. The line scan displaying the profile of the relative
fluorescence intensities of DNA and NSs along a line traced
across the nucleus (Fig. 1B) confirms this observation. It shows
that an increase of the intensity of NSs fluorescence (green)
corresponds to a decrease of the intensity of ToPro3-labeled
DNA fluorescence (red) and vice versa. Also, the profile of van
Steensel’s cross-correlation function (CCF) shown in Fig. 1C,
displayed a dip immediately aside of Ax = 0, which is indicative
of an almost total exclusion (33, 6), further confirming the
predominant exclusion of cellular DNA from NSs filaments.

Margination of DNA resulting from the formation of a chro-
matin-free zone was accompanied by a significant increase of
the nuclear volume whose diameter reached almost 20 pwm
compared to an average value of 10 wm in uninfected cells or
in cells infected with nonvirulent RVFV C13 strain that does
not induce NSs filament formation (data not shown). Such an
enlargement of the nuclear volume after virus infection has
been described in the case of other viruses, such as herpes
simplex virus type 1, that also induce the formation of new
nuclear compartments of viral origin, excluding host chromatin
(24). Nevertheless, despite the general exclusion of cellular
DNA from NSs filamentous structures, some DNA regions
densely labeled by ToPro3 (such as the one indicated by an
arrow in Fig. 1A) appeared colocalizing with the NSs filament.
The profile of the line scan of the relative fluorescence inten-
sities of DNA and NSs along a line traced across this region
showed strong overlapping of the respective intensities (Fig.
1D). The overlap distance of the corresponding fluorescence
intensities at mid-height was of over 1 pwm, which is largely
superior to the resolution of the objective used for image
acquisition (200 nm) and therefore corresponds to a true co-
localization (6).

NSs filaments interact with clusters of cellular pericentro-
meric DNA. Centromeres are constituted of highly repeated
sequences corresponding to pericentromeric major +y-satellite
sequences and centromeric minor a-satellite sequences (8).
During interphase, centromeres from different chromosomes
associate together to form chromocenters that are easily de-
tectable cytologically as highly dense DNA structures (36), like
the one colocalizing with NSs in Fig. 1D. In order to determine
whether the colocalization of NSs with Topro3-dense DNA
regions corresponded to an interaction of NSs filaments with
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clusters of satellite DNA sequences, we carried out immuno-
FISH and ChIP experiments.

FISH of DNA of RVFV ZH548-infected murine 1929 cells
carried out using rhodamine-labeled major pericentromeric
v-satellite DNA probe (red) was coupled to NSs fluorescence
(green). Figure 2A shows the corresponding merge images of
a series of confocal sections at 0.4 pm intervals through the z
axis of a nucleus representative of the population of RVFV
ZH-infected 1.929 nuclei at 7 h p.i. The confocal sections are
shown from the bottom (Fig. 2Aa) to the top (Fig. Ah) of the
nucleus. A strong colocalization (displayed in yellow) of NSs
filaments with clusters of pericentromeric y-satellite DNA was
clearly observed, especially in the middle sections (Fig. 2Ad to
f). More than 100 ZH548-infected cells, from four different
experiments equivalent to the one described in Fig. 2A, were
analyzed for NSs +y-satellite colocalization events. On average,
each nucleus had 2.6 filaments, on which 1.6 colocalization
events per filament were counted corresponding on average to
4.16 colocalization events per cell. Equivalent experiments
were carried out with a nonpathogenic RVFV C13 strain that
codes for a truncated form of NSs that is immediately de-
graded in the cytoplasm of infected cells (34). As previously
published (21), no NSs was visible in the nuclei of C13-infected
cells (data not shown).

In order to analyze to what extent the organization of NSs in
fully formed filamentous structures was required for NSs to
colocalize with vy-satellite sequences, the same experiment was
performed at earlier times after infection before NSs filaments
were fully formed. In Fig. 2B are shown the corresponding
merge images of another series of confocal sections, from the
bottom (Fig. 2Ba) to the top (Fig. 2Bh) of the nucleus of a
RVFV ZH548-infected cell collected at 5 h p.i. Even though at
this time, most of NSs (green) was still diffusely distributed
outside the nucleus, some NSs could be observed inside the
nucleus, with a fraction of NSs clearly colocalizing (displayed
in yellow) with clusters of y-satellite pericentromeric DNA. A
total of 42 ZH548-infected cells, from two different experi-
ments equivalent to the one described in Fig. 2B, were ana-
lyzed for NSs +y-satellite colocalization events. The number of
nascent thin filaments observed at early times postinfection
was superior (i.e., 7.5) to that observed at later times after
infection and, in contrast to what was observed in Fig. 2A, not
all of the nascent filaments established colocalization events
with vy-satellite clusters. For filaments that displayed colocal-
ization, mostly 1 colocalization event was detected per filament
with, on average, 2.5 colocalization events per cell. These data
indicate that colocalization of NSs filaments with chromo-
centers is an event that can be observed starting early times
after infection, that does not appear to require full filament
formation, but that is reinforced as the presence of NSs inside
the nucleus is enhanced.

To further analyze the capacity of NSs to interact with peri-
centromeric -y-satellite, we carried out ChIP experiments. For
this, genomic DNA from uninfected 1929 cells or from 1929
cells infected with either pathogenic RVFV ZHS548 strain
(ZH) or nonpathogenic RVFV C13 strain (C13) lacking nu-
clear NSs protein (25, 34) was immunoprecipitated with anti-
NSs antibodies (a-NSs). Precipitated DNA was amplified by
PCR using primers specific for vy-satellite pericentromeric
DNA sequences. The results shown in Fig. 3A indicate that
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FIG. 1. Cellular DNA is predominantly excluded from NSs filaments. Colocalization of cellular DNA with viral NSs filaments was analyzed by
confocal microscopy in murine 1929 cells infected by RVFV ZHS548 strain at 16 h p.i. (A) Single confocal sections taken at 0.4-pm intervals
through the z axis from the bottom (top row) to the top (bottom row) of the nucleus. Each row represents a single optical section of the same
nucleus. Left panels correspond to cellular DNA counterstained with ToPro3 (red). Middle panels show NSs distribution detected with anti-NSs
mouse polyclonal antibody (green). Merge images of ToPro3 and NSs are shown in right panels with colocalization displayed in yellow. An arrow
indicates a dense DNA region colocalizing with NSs filaments. (B and C) Profile of the line scan quantifying the relative intensity of the two
fluorochromes along the indicated line (B), as well as the corresponding CCF analysis (C). (D) Profile of the line scan through the region indicated
by an arrow in panel A with ToPro3 displayed in red and NSs displayed in green. Bars, 10 pm.
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FIG. 2. NSs filaments colocalize with clusters of pericentromeric y-satellite sequences. (A and B) Merge images of single confocal sections
taken from the bottom (a) to the top (h) of the nucleus at 0.4-pum intervals through the z axis of murine L1929 cells infected by RVFV ZH548 strain
collected at 7 (A) or 5 (B) h p.i. displaying NSs immunostaining (green) combined with rhodamine-labeled pericentromeric y-satellite FISH (red).

Bars: A, 5 pm; B, 10 pm.

NSs had the capacity to interact with +y-satellite sequences in
ZH548-infected cells. Amplification of +y-satellite sequences
detected in ZH-infected cells as early as 4 h p.i. was enhanced
from 4 to 6 h p.i., whereas the slight amplification observed in
Cl3-infected cells corresponding to a nonspecific event re-
mained constant. To assess the specificity of the ChIP assay
shown in Fig. 3A, genomic DNA from ZH-infected cells was
immunoprecipitated in a second independent experiment with
antibodies directed either against the acetylated form of resi-
due lysine 14 of H3 (AcK14H3, absent from pericentromeric
v-satellite sequences used here as a negative control) or
directed against the trimethylated form of residue lysine 9 of
histone H3 (TriMetK9H3, specifically present on pericentro-
meric y-satellite sequences used here as a positive control). As
shown in Fig. 3B, no amplification of +y-satellite DNA se-
quences was observed after immunoprecipitation of genomic
DNA from ZH548-infected cells (5 h p.i.) with anti-AcK14H3
antibodies, whereas a strong amplification was observed after
immunoprecipitation with anti-TriMetK9H3 confirming the
specificity of the ChIP assay. In this experiment, amplification
of y-satellite DNA sequences was again clearly observed after
immunoprecipitation with anti-NSs antibodies of genomic
DNA from ZH548-infected cells (5 h p.i.) but not from unin-
fected or Cl3-infected (5 h p.i.) cells. The amount of DNA
immunoprecipitated with anti-NSs antibodies was weaker than
the amount immunoprecipitated with anti-TriMetK9H3, indi-

cating that not all pericentromeric y-satellite sequences were
contacted by NSs in agreement with results shown in Fig. 2A
and B.

Highly repeated centromeric a-satellite sequences are, as
pericentromeric +y-satellite DNA, embedded within chromo-
centers (36, 8). In order to analyze the capacity of NSs to
colocalize with centromeric a-satellite sequences, immuno-
FISH experiments equivalent to those shown in Fig. 2A were
carried out using a probe specific for centromeric sequences.
As seen in Fig. 3C, some discrete colocalization events were
observed between NSs and centromeric a-satellite sequences.
Nevertheless, the results obtained during double FISH exper-
iments carried out with a biotin-labeled pericentromeric probe
(green) and a rhodamine-labeled centromeric probe (red) in-
dicated that, as expected, all centromeric sequences either
totally or partially overlap with clusters of pericentromeric
sequences (Fig. 3D). Because of this overlap, these immuno-
FISH experiments did not allow to distinguish colocalization of
NSs with centromeric from pericentromeric sequences. There-
fore, in order to determine the degree of specificity of the
interaction of NSs between pericentromeric and centromeric
sequences, DNA immunoprecipitated with anti-NSs antibodies
was amplified with primers specific for either vy-satellite se-
quences or centromeric a-satellite sequences. As shown in Fig.
3E, whereas pericentromeric y-satellite sequences were ampli-
fied from a-NSs immunoprecipitates, no amplification of cen-
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FIG. 3. NSs filaments interact with pericentromeric vy-satellite sequences rather than with centromeric a-satellite sequences. (A) DNA
immunoprecipitated (IP) (top) with anti-NSs antibody («-NSs) and inputs corresponding to nonimmunoprecipitated genomic DNA (bottom),
collected from murine 1.929 cells either not infected (NI) or 4 and 6 h after infection by pathogenic ZH548 (ZH) or nonpathogenic clone 13 (C13)
strain was amplified with primers specific for pericentromeric y-satellite DNA sequences (y-sat). (B) DNA immunoprecipitated (IP) (left) with
antibodies directed against NSs (a-NSs), the acetylated form of lysine 14 of histone H3 (a-AcK14H3), and the trimethylated form of lysine 9 of
histone H3 (a-TriMetK9H3) and inputs corresponding to nonimmunoprecipitated genomic DNA (right), collected from murine 1.929 cells either
not infected (NI) or 5 h after infection by pathogenic ZH548 (ZH) or nonpathogenic clone 13 (C13) strain, was amplified with primers specific
for pericentromeric y-satellite DNA sequences (y-sat). (C) Single confocal section taken through the z axis of murine L1929 cells infected by RVFV
ZH548 strain displaying NSs immunostaining (left panel, green) combined with rhodamine-labeled centromeric minor a-satellite FISH (middle
panel, red) and the corresponding merge image (right panel). (D) Single confocal section taken through the z axis of uninfected murine 1929 cells
displaying biotin-labeled pericentromeric +y-satellite FISH (left panel, green), rhodamine-labeled centromeric minor a-satellite FISH (middle
panel, red), and the corresponding merge image (right panel). (E) DNA immunoprecipitated (IP) with anti-NSs antibody («-NSs) (top) and inputs
corresponding to nonimmunoprecipitated genomic DNA (bottom), collected from murine 1929 cells 6 h p.i. by pathogenic ZH548 (ZH) or
nonpathogenic clone 13 (C13) strain was amplified with primers specific for either pericentromeric y-satellite (y-sat) or centromeric minor
a-satellite (a-sat) DNA sequences. In panels A, B, and E the triangles indicate increasing amounts of IPs or inputs amplified in pair of samples.
The experiments whose results are shown in panel A were performed more than five times. The experiments whose results are shown in panels
B and E were performed two times. Bars in panels C and D, 10 pm.
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tromeric a-satellite sequences was detected, indicating that
NSs specifically interacts with pericentromeric vy-satellite se-
quences compared to centromeric a-satellite sequences.
RVFV ZH548-infected cells display nuclear anomalies
translating chromosome cohesion and segregation defects.
Pericentromeric sequences correspond to the sequences where
the ring-shaped cohesin multiprotein is retained until an-
aphase and therefore are essential for the cohesion and seg-
regation of chromosomes during mitosis (11). Cells with chro-
mosome cohesion and segregation defects display nuclear
anomalies such as the presence of lobulated nuclei, as well as
micronuclei and intranuclear bridges (27). In order to investi-
gate whether the interaction of NSs with pericentromeric
v-satellite sequences could induce chromosome cohesion and
segregation defects, the morphology of the nuclei of unin-
fected, as well as RVFV C13- and ZH548-infected, cells was
analyzed by using classical fluorescence microscopy. As shown
in Fig. 4A, nuclei with abnormal morphologies were frequently
observed among cells infected with pathogenic RVFV ZH548
strain compared to cells either not infected or infected with
nonpathogenic RVFV strain lacking nuclear NSs. Most com-
mon defects, shown in Fig. 4B, corresponded to lobulated
nuclei, intranuclear DNA bridges, and micronuclei. The num-
ber of abnormal nuclei was scored among uninfected cells
(1,750 total cells counted), C13-infected cells (total of 1,232
cells counted), and ZH-infected cells (1,264 total cells
counted) from two different experiments. As shown in Fig. 4C,
an increased incidence of nuclear abnormalities, mainly lobu-
lated nuclei, was scored among ZH-infected cells.
Micronuclei, bridges and lobulated nuclei can also be ob-
served during programmed cell death, which is triggered after
infection by most viruses (28). In order to determine the even-
tual contribution of apoptosis to the amount of nuclear anom-
alies observed after RVFV infection, we measured the per-
centage of apoptotic cells, using TUNEL assays, among 1.929
cells either not infected or infected at 19 h p.i. by the RVFV
ZH548 strain. For each condition a minimum of 1,000 cells was
counted from two independent experiments. No induction of
apoptosis was detected in ZH548-infected cells (1.19% =
0.7%) compared to uninfected cells (1% * 0.7%), ruling out
the possibility that a fraction of nuclear anomalies observed
after ZH infection could result from virus-induced pro-
grammed cell death. The absence of apoptosis in ZH-infected
cells is in agreement with recent observations showing, on the
one hand, that nonstructural NSm protein, encoded by RVFV
M segment, suppresses virus induced apoptosis (37) and, on
the other hand, that NSs protein induces the specific degrada-
tion of double-stranded RNA-dependent protein kinase
(PKR) (13, 17), which otherwise is known to induce apoptosis
when activated after infection by RNA viruses (31). C13-in-
fected cells displayed a slightly higher incidence of abnormal
nuclei compared to uninfected cells. This probably results from
the induction of the host antiviral response, leading to IFN-B
synthesis and PKR activation, which have been described to
induce apoptosis (28), a phenomenon that occurs after infec-
tion by RVFV C13 but not after infection by the ZH548 strain
(21). In agreement with this hypothesis, a slightly higher inci-
dence of apoptotic cells (4.9% = 1.41%) was observed among
cells infected by nonpathogenic C13 strain lacking stable nu-
clear NSs protein than in uninfected cells (1% * 0.7%).
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A higher incidence of nuclear anomalies could also partly
result from a higher rate of cells going through mitosis. In
order to investigate this possibility, the percentage of cells
engaged into mitosis was measured in uninfected cells and in
RVFV ZH548- or Cl13-infected cells using as a mitotic marker
the antibody directed against the phosphorylated form of
Ser10 of histone H3 (H3-Ser10P) (14). A total of over 4,000
cells for each condition, from at least two different experi-
ments, were counted. The percentage of cells engaged into
mitosis was strongly reduced in RVFV ZH548-infected cells
(1.12%) compared to uninfected (11.65%) or Cl13-infected
cells (4.75%). This result not only indicated that infection by
pathogenic ZH548 strain strongly affected the host cell cycle,
but it also indicated that the higher incidence of nuclear anom-
alies scored in ZHS548-infected cells was not the result of a
higher incidence of mitotic events occurring in this particular
cell population.

Opverall, these results indicated that there was no contribu-
tion of virus-induced programmed cell death or of a higher
incidence of mitotic events upon the establishment of nuclear
anomalies observed after pathogenic RVFV ZH548 infection,
which can therefore be considered as translating chromosome
cohesion and segregation defects. Normal mitotic stages such
as late prophase (Fig. 4Da to d) or metaphase (Fig. 4De to h)
could be observed among uninfected or C13-infected cells on-
going mitosis. However, these stages were never observed
among ZH-infected cells. Instead, all ZH-infected cells ongo-
ing mitosis displayed cohesion and segregation defects as the
one shown in Fig. 4Di-l. In such cells, NSs formed a “cagelike”
structure around mitotic DNA and, even though NSs appeared
less filamentous (a possible consequence of the disappearance
of the nuclear membrane during mitosis), it still partially co-
localized with cellular DNA.

To analyze whether the capacity of RVFV ZHS548 infection
to induce nuclear anomalies could be enlarged to other mam-
malian species, the same experiment as the one described in
Fig. 4A with murine cells was carried out on kidney sheep cells
of fetal origin. Infection with the pathogenic ZH-548 RVFV
strain induced the formation of NSs filaments in nuclei of
sheep cells (Fig. 5A) as in murine cells. Also as in murine cells,
a higher rate of nuclei with abnormal morphologies was ob-
served among sheep cells infected by ZH compared to unin-
fected or C13-infected cells (Fig. 5B and C). As shown in Fig.
5D, the distribution of NSs with respect to DNA in a sheep cell
undergoing mitosis was very similar to that observed in murine
cells, with NSs forming a cagelike structure around DNA la-
beled with H3-Ser10P. Overall, these results indicated that
induction of abnormal nuclear morphologies by RVFV ZH
infection is not a phenomenon restricted to murine cells but
can be enlarged to other species, particularly to ovines.

Interaction of NSs with cellular cofactor SAP30 was re-
quired for NSs filaments to target pericentromeric DNA and
induce nuclear anomalies. Using the two-hybrid system as well
as coimmunoprecipitation experiments, NSs was demonstrated
to directly interact with cellular corepressor SAP30 (21). In
order to visualize the distribution of SAP30 respect to NSs
filaments, we performed three-dimensional image reconstruc-
tion of confocal immunofluorescence image stacks using
Amira software, which allows the visualization of the volume
occupied by one object with respect to another. Only the sur-
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FIG. 4. Infection with pathogenic RVFV strain ZH548 induces abnormal nuclear morphologies in murine fibroblasts. (A) Nonconfocal
conventional fluorescence microscopy of 1929 cells that were either not infected (NI) or infected by RVFV ZHS548 strain (ZH) or by nonpatho-
genic clone 13 (C13) strain displaying DNA stained with Hoechst. (B) Common defects include micronuclei, intranuclear bridges, and lobulated
nuclei. (C) The number of nuclei displaying abnormalities was quantified in cells that were not infected (NI) or in clone 13 (C13)- and ZH548
(ZH)-infected cells from two different experiments with n > 1,000 for each condition. The incidence of abnormal nuclei in ZH-infected was
compared to uninfected cells or C13-infected cells by using the chi-square test. **%, P < 0.001; NS, not significant. (D) Single confocal sections
taken through the z axis of uninfected or ZH-infected mitotic L929 cells displaying immunostaining with anti-NSs in green (a, e, and i), DNA
counterstained with ToPro3 in blue (b, f, and j), immunostaining with anti-H3-Ser10P in red (c, g, and k), and the corresponding merge images
(d, h, and 1). Bars, 10 pm.
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FIG. 5. Infection with pathogenic RVFV strain ZH548 induces abnormal nuclear morphologies in kidney sheep cells. (A) Nonconfocal
conventional fluorescence microscopy of kidney sheep cells of fetal origin infected by the RVFV ZH548 strain displaying total DNA distribution
(Hoechst), NSs detected with anti-NSs antibody (green), and the corresponding merge image. (B) Nonconfocal conventional fluorescence
microscopy of kidney sheep cells that were either not infected (NI) or infected by the RVFV ZHS548 strain (ZH) or the nonpathogenic clone 13
(C13) strain displaying DNA stained with Hoechst. (C) The number of nuclei displaying abnormalities was quantified in uninfected (NI) and clone
13 (C13)- and ZH548 (ZH)-infected cells from two different experiments, with n > 800 at each condition. The incidence of abnormal nuclei in
ZH-infected was compared to uninfected or Cl3-infected cells by using a chi-square test. *, P < 0.05; **, P < 0.01; **%, P < 0.001; NS, not
significant. (D) Single confocal sections taken through the z axis of uninfected or ZH-infected mitotic kidney sheep cells displaying immunostaining
with anti-NSs in green (a), immunostaining with anti-H3-Ser10P in red (b), DNA counterstained with ToPro3 in blue (c), and the corresponding

merge images (d). Bars, 10 wm.

faces of each object are represented. In Fig. 6Ad to f the
surfaces of SAP30 and NSs are displayed, respectively, in red
and green. The corresponding colors are not superposed,;
therefore, in contrast to classical confocal microscopy, colocal-
ization is not displayed. In Fig. 6Ad to f, only the interior of the
filament is shown, which became visible after performing a
section of the three-dimensional image through the z axis.
Protein SAP30 appeared strongly present within the interior of

the filament in a continuous way, and this was evident through-
out the filament except for a short, less-structured region (in-
dicated by an arrow). Overall, the results shown in Fig. 6A
indicated that SAP30 not only colocalizes with NSs but also is
strongly present concentrated within, at the interior of the NSs
filaments. SAP30 can either directly (35) or indirectly (18)
interact with DNA. In particular, SAP30 has been shown to
directly interact with transcription factor YY1 (15), which itself
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FIG. 6. Interaction of NSs with SAP30 is required for NSs to target y-satellite DNA sequences. (A) The distribution of SAP30 within NSs
filaments was analyzed by using confocal microscopy (a to c) and three-dimensional (3D) image reconstruction (d to f) in murine 1929 cells infected
by RVFV ZH548 strain. In panels a to ¢, each row represents a single optical section through the z axis of an individual RVFV ZH548-infected
murine fibroblastic L.929 nucleus with SAP30 in red (a), NSs filament in green (b), and the corresponding merge image (c). The three-dimensional
image reconstruction from confocal image stacks, one of which is shown in panels a to ¢, was performed by using Amira software. In panels d to
f is shown the enlarged three-dimensional image of the region selected in panel ¢ with the surface of SAP30 displayed in red and the surface of
NSs displayed in green. (B) Single confocal section of uninfected murine 1.929 cells displaying SAP30 immunostaining (left panel, green) combined
with rhodamine-labeled pericentromeric y-satellite FISH (middle panel, red) and the corresponding merge image (right panel). (C) Single optical
section of a ZH-infected mitotic 1.929 cell displaying immunostaining with anti-SAP30 in red, anti-NSs in green, anti-H3-Ser10P in blue, and the
corresponding merge image (far right panel). (D) DNA immunoprecipitated (IP) (top) with anti-NSs antibody (a-NSs) and inputs corresponding
to nonimmunoprecipitated genomic DNA (bottom), collected from murine 1929 cells 6 h after infection by recombinant RVFYV strain expressing
either NSsA210-230 (rA210-230) or wild-type NSs (rZH) was amplified with primers specific for pericentromeric y-satellite DNA sequences (y-sat).
Triangles indicate increasing amounts of IPs or inputs amplified in pair of samples. (E) The number of nuclei displaying abnormalities was
quantified in uninfected cells (NI), as well as in cells infected by recombinant RVFYV strains expressing either deleted NSsA210-230 (rA210-230)
or wild-type NSs (rZH). The incidence of abnormal nuclei in rZH-infected cells was compared to NI or rA210-230-infected cells by using a
chi-square test. **, P < 0.01; *#*, P < 0.001; NS, not significant. (F) Single confocal sections taken through the z axis of a ZH-infected mitotic
kidney sheep cell displaying immunostaining with anti-NSs in green, immunostaining with anti-H3-Ser10P in red, DNA counterstained with ToPro3
in blue, and the corresponding merge images. Bars, 10 pm.

directly interacts with several regions of the genome containing SAP30 was required for NSs to establish an interaction with
YY1 DNA-binding sites, among which are pericentromeric the IFN-B promoter (21). We hypothesized that this phenom-
v-satellite sequences rich in YY1 DNA-binding sites (30). In a enon could be enlarged to the interaction of NSs with y-satel-
previous study we demonstrated that interaction of NSs with lite sequences. As shown in Fig. 6B, SAP30 displayed the
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capacity to partially colocalize with some clusters of y-satellite
DNA, as was also the case with NSs filaments and, during
mitosis, cellular SAP30 protein still colocalized with NSs pro-
tein (Fig. 6C), being part of the “cagelike” structure surround-
ing mitotic DNA previously observed in Fig. 4D with the NSs
protein.

In order to check whether the interaction of NSs with SAP30
was required for NSs to interact with clusters of pericentro-
meric y-satellite sequences and induce nuclear anomalies, we
analyzed the capacity of NSsA210-230 protein, which is deleted
of its region of interaction with cellular corepressor SAP30
(21), to interact with pericentromeric y-satellite DNA. In or-
der to do this, genomic DNA isolated from L929 cells infected
with either the previously described nonpathogenic RVFV re-
combinant virus rZHANSs210-230 (21) expressing NSsA210-
230 (rA210-230) or with the corresponding recombinant strain
rZH expressing wild-type NSs was immunoprecipitated with
anti-NSs antibody and analyzed by ChIP. The results (Fig. 6D)
indicated that NSsA210-230 had lost its capacity to interact
with vy-satellite DNA sequences, whereas recombinant rZH
NSs interacted with these sequences similarly to wild-type NSs
from the ZH548 strain. This result indicated that, indeed, NSs
interaction with SAP30 was required for NSs to interact with
v-satellite sequences.

To analyze the eventual correlation between the establish-
ment of an interaction between NSs and pericentromeric y-sat-
ellite sequences and the incidence of nuclear defects, we
analyzed the morphology of nuclei after infection with non-
pathogenic recombinant RVFV NSsA210-230 strain. As shown
in Fig. 6E, the presence of nuclear anomalies was strongly
reduced after infection with the nonpathogenic rZHNSsA210-
230 strain that behaved like C13 strain compared to cells in-
fected with the pathogenic rZH strain that induced a high
percentage of abnormal nuclei behaving as the wild-type
ZH548 strain. In contrast to ZH-infected cells, normal mitotic
stages such as metaphase could be observed after infection
with rZHNSsA210-230 (Fig. 6F), demonstrating that the pres-
ence of NSsA210-230 does not affect chromosome cohesion.
Overall, these observations strongly suggested that NSs inter-
action with y-satellite sequences, through SAP30, was neces-
sary for nuclear anomalies to be induced after RVFV infec-
tion.

DISCUSSION

NSs targeting of host DNA and RVFV pathology. The results
presented here focus on cellular DNA targeting by RVFV NSs
filaments. In agreement with early work describing the mar-
gination of chromatin as one of the characteristic histological
signs of RVFV infection (32), we found that most cellular
DNA was excluded from the filament except for some specific
DNA regions of the host genome that closely interacted with
NSs filamentous structures. These data raise the question of a
possible link between the capacity of NSs to target specific
cellular DNA sequences and RVF pathogenesis.

Using immuno-FISH and ChIP assays, we have shown
here that NSs interacts with pericentromeric y-satellite se-
quences of the host, correlating with the induction of a high
rate of nuclear anomalies translating chromosome cohesion
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and segregation defects of fetal origin. In animals, RVFV
has been shown to be present in the visceral organs and
brains of aborted and malformed fetuses (9), and a case of
human vertical RVF transmission was recently described
(1). Even though we have no direct evidence that the induc-
tion of nuclear anomalies, observed here in murine fibro-
blasts as well as in sheep kidney cells of fetal origin, leads to
abortion and teratogenesis, it is reasonable to postulate that
an abnormally high accumulation of defects in chromosome
cohesion and segregation during embryonic development
could at least partly account for the high rate of abortions
and teratogenic disorders predominantly observed after
RVFV infection among ovines.

Altogether, previous (21) and present work on NSs showed
that NSs can target some DNA regions of the host’s genome,
such as the IFN-B promoter and pericentromeric DNA. For
the moment, we cannot exclude that other regions of the cel-
lular genome could also interact with NSs. Nevertheless, we
observed that DNA carrying triMetK4H3 as an epigenetic
mark was predominantly excluded from NSs filaments (data
not shown), and no interaction between NSs and centromeric
a-satellite sequences was detected during ChIP experiments,
demonstrating that no cellular DNA sequence could interact
with NSs.

The NSs-SAP30 interaction plays a main role during the
establishment of NSs-host DNA interactions. Until now, NSs
has never been described as a DNA-binding protein. Never-
theless, for the time being we have no data allowing us to
clearly determine whether NSs can directly interact either with
DNA in general or particularly with +y-satellite DNA se-
quences. Meanwhile, the results obtained during the present
study clearly demonstrated that interaction of NSs with SAP30
was necessary for NSs to establish interaction with host DNA,
be it pericentromeric y-satellite sequences or the IFN-B pro-
moter (21). In the case of the IFN-B promoter, transcription
factor YY1 served as an intermediary between the NSs/SAP30
protein complex and the IFN-B promoter that contains two
YY1 DNA-binding sites (23). In the case of y-satellite DNA,
YY1 could also serve as an intermediary factor since y-satellite
sequences are also rich in YY1 DNA-binding sites (30). Inter-
estingly, whereas +y-satellite sequences contain nine Y'Y 1-bind-
ing sites (30), only two sequences potentially matching with
YY1 consensus binding site could be identified within murine
centromeric a-satellite sequences. This difference could ex-
plain the preferential interaction of NSs with +y- rather than
a-satellite sequences.

RVFV NSs protein has been identified as a main factor of
virulence. Recombinant RVFV virus rZHNSsA210-230 that
expresses a NSs protein deleted of its region of interaction with
NSs protein was shown to have completely lost its pathogenic-
ity (21). Interestingly, this nonpathogenic RVFV expresses a
stable NSs protein located in the nucleus. A situation that
contrasts with the nonpathogenic RVF viruses known to date,
that either do not express NSs (rZHANSs) or express an un-
stable cytoplasmic NSs (C13). This suggests that NSs-SAP30
interaction probably plays a crucial role during the develop-
ment of RVFV pathogenicity, making SAP30 and NSs-SAP30
interaction interesting potential targets for possible antiviral
compounds.
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